Higher AODs are observed at southeastern Canadian sites when winds come from the US. AOD and PM 2.5 are highly correlated on daily timescales in summer at polluted sites. AEROCAN sites with long records do not show significant AOD trends. Higher AODs are observed in Toronto on weekdays than weekends, indicating pollution. 
a b s t r a c t
Previous studies have demonstrated the utility of AERONET (Aerosol Robotic Network) aerosol optical depth (AOD) data for monitoring the spatial variability of particulate matter (PM) in relatively polluted regions of the globe. AEROCAN, a Canadian sub-network of AERONET, was established 20 years ago and currently consists of twenty sites across the country. In this study, we examine whether the AEROCAN sunphotometer data provide evidence of anthropogenic contributions to ambient particulate matter concentrations in relatively clean Canadian locations. The similar weekly cycle of AOD and PM 2.5 over Toronto provides insight into the impact of local pollution on observed AODs. High temporal correlations (up to r ¼ 0.78) between daily mean AOD (or its fine-mode component) and PM 2.5 are found at southern Ontario AEROCAN sites during MayeAugust, implying that the variability in the aerosol load resides primarily in the boundary layer and that sunphotometers capture day-to-day PM 2.5 variations at moderately polluted sites. The sensitivity of AEROCAN AOD data to anthropogenic surface-level aerosol enhancements is demonstrated using boundary-layer wind information for sites near sources of aerosol or its precursors. An advantage of AEROCAN relative to the Canadian in-situ National Air Pollution Surveillance (NAPS) network is the ability to detect free tropospheric aerosol enhancements, which can be large in the case of lofted forest fire smoke or desert dust. These aerosol plumes eventually descend to the surface, sometimes in populated areas, exacerbating air quality. In cases of large AOD (!0.4), AER-OCAN data are also useful in characterizing the aerosol type. The AEROCAN network includes three sites in the high Arctic, a region not sampled by the NAPS PM 2.5 monitoring network. These polar sites show the importance of long-range transport and meteorology in the Arctic haze phenomenon. Also, AEROCAN sunphotometers are, by design and due to regular maintenance, the most valuable monitors available for long term aerosol trends. Using a variety of data analysis techniques and timescales, the usefulness of this ground-based remote-sensing sub-network for providing information relevant to air quality is demonstrated. Crown Copyright © 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Aerosols are small airborne liquid or solid particles. They are of central importance throughout the atmosphere and affect meteorology, air quality, and climate. In the troposphere, aerosols are a significant source of uncertainty for radiative forcing (Myhre et al., 2013) . Fine-grained particulate matter is also among the most important atmospheric parameters in terms of air quality (Stieb et al., 2008) . Aerosols also indirectly affect air quality because they affect the photolytic flux reaching the surface (e.g. Parrington et al., 2013) . Aerosol optical depth (AOD) is a unitless quantity representing the vertically integrated extinction of radiation, comprised of scattering and absorption terms. Extinction is a function of the aerosol number, size, and composition. Thus, AOD is only a qualitative indicator of aerosol surface area, however it serves as a valuable observational constraint for heterogeneous chemistry modelling, particularly since surface area or particle size information is more difficult to obtain remotely.
In order to validate and augment space-based remote sensing of aerosols, in which the primary retrieval quantity is AOD, the Aerosol Robotic Network (AERONET, http://aeronet.gsfc.nasa.gov) was established in the early 1990s (Holben et al., 1998) . A federation of national ground-based remote sensing aerosol networks, AER-ONET consists of over 800 sunphotometers worldwide. The Canadian AEROCAN network is one such national network within AERONET and began in 1997. Sunphotometer measurements at sites now within the AEROCAN network began in 1994 with four Cimel instruments (http://www.cimel.fr) donated to the Universit e de Sherbrooke by the Canada Centre for Remote Sensing. Environment Canada gently took over the reins of this kernel of a network and, by 2004, had set it on a much more operational path with improvements in logistical, optical and human resources.
Recently, there has been an increasing effort to derive surfacelevel mass densities of particulate matter (PM) from satellite AOD measurements. Specifically, the mass density of PM with median aerodynamic diameter <2.5 mm (PM 2.5 ) is now derived from satellite AOD measurements at a wavelength of~500 nm (e.g. van Donkelaar et al., 2006) . This approach is especially valuable in locations where in-situ observations of ground-level PM are not routine (e.g. Chen et al., 2013) . AERONET data, including AEROCAN sites, have served to quantify and correct for biases in simulated and satellite-observed AOD in such studies (van Donkelaar et al., 2013; van Donkelaar et al., 2016) .
Similar to what has been done using satellite AOD, AEROCAN AOD data have been used to investigate the seasonal and spatial correlation with PM 2.5 (van Donkelaar et al., 2006) and the spatial correlation during a 5 week summer period (Drury et al., 2010) over North America. Li et al. (2015) also investigated how AERONETmeasured AODs over North America (Canada and United States) capture the spatial variability in PM 2.5 on a monthly timescale. AERONET data in general have been used to relate AOD to groundlevel PM on shorter timescales, including correlations of individual PM 10 and co-located 440 nm AOD measurements (Bennouna et al., 2016) , as well as correlations of PM 2.5 and AERONET AOD measured or interpolated to various visible or near-infrared wavelengths (Green et al., 2009; Crumeyrolle et al., 2014; Chen et al., 2013; Sano et al., 2010) . There have also been efforts to make PM 2.5 inferences using individual satellite-based AOD measurements, although the correlation between individual AODs and ground-based PM 2.5 in some locations tends to be too low to be useful for air quality monitoring (e.g. Sioris et al., 2017) . Accounting for the boundary layer height and relative humidity can improve the correlation considerably (Zheng et al., 2015) . The meteorology and the altitude dependence of the particle shape and size distribution are implicitly taken into account when the PM 2.5 /AOD ratio from a chemical transport model (CTM) is used to convert observed AOD into PM 2.5 (Drury et al., 2010) . AERONET AOD measurements are inherently more accurate than those from satellites because of the simpler viewing geometry and higher signal-to-noise ratio of the spectral information. Because of the higher accuracy and temporal frequency relative to satellite AOD measurements, this paper focusses on the relationship between surface-level PM 2.5 and observed AOD using a variety of AEROCAN sites.
Total column AOD measurements such as from AEROCAN are also useful for detecting long range transport of aerosols from episodic phenomena such as forest fires, dust storms, and volcanic eruptions. Volcanic sulfate droplets are sub-micron in size whereas ash can be coarser. Dust also tends to be coarse but can be bimodal (McKendry et al., 2007) , with the fine mode being relevant for air quality . Forest fire smoke tends to be fine-grained.
The main focus of the paper is to investigate the ability of AEROCAN network to provide information relevant to Canadian air quality. While aforementioned studies have indicated that AERO-NET AODs are significantly correlated with PM 2.5 over North America on monthly to seasonal timescales, here the focus is on Canadian sites exclusively and shorter timescales (hourly, daily, and weekly variations). To that end, statistical analyses such as the weekly cycle of AOD and the dependence of AOD on wind direction are presented below. Regional variations in AOD also provide insight into the origin of the enhanced particulate matter concentrations observed by sunphotometers. This paper also shows examples of how boundary layer height variability complicates the AOD-PM relationship.
Data sources

AEROCAN
The AEROCAN sub-network consists of twenty sites across Canada as shown in Fig. 1 and Table 1 . AERONET sunphotometers (Cimel model CE318) operate autonomously in direct sun and skylight measurement modes (Holben et al., 1998) , but this study focusses mainly on the former. In the direct sun mode, measurements are made at eight wavelengths, typically 340, 380, 440, 500, 675, 870, 940 and 1020 nm. Instrumental gain and offset are determined through a calibration (Holben et al., 1998) . Using Langley's (1904) extrapolation method, the voltage for an air mass of zero (top-of-atmosphere) is determined for each wavelength, with Mauna Loa serving as a reference location (Holben et al., 1998) . Long-term stability is monitored and filters are replaced every two years. The temperature sensitivity of the 1 020 nm detector is also adjusted through the use of a reference temperature. The 940 nm channel is used to measure the column abundance of precipitable water vapour (PWV). The ability to simultaneously measure PWV can be useful for diagnosing whether sampled air masses originated from lower latitudes (with higher specific humidities) and for correlating AOD with air mass provenance (Holben et al., 2001) . In this study, we use version 2.0 Level 2 AOD data, which have a latency of several months, obtained from the AERONET website (http://aeronet.gsfc.nasa.gov). AOD measurements at 500 and 340 nm are used herein. Note that Level 1.5 (cloud-screened) data are available only hours after the measurement occurs, but only Level 2 data are quality-assured. Cloud screening and quality control are described by Smirnov et al. (2000) .
The wavelength (l) dependence of AOD is expressed using the Ångstr€ om exponent a (Ångstr€ om, 1929) and is of the form l Àa .
Recognizing that the particle size distribution generally tends to be bimodal, O'Neill et al. (2003) developed a spectral deconvolution algorithm (SDA) based on the AOD spectral dependence and higher order spectral derivatives (e.g. a, a 0 ) to quantify fine and coarse mode components of the AOD (reported at a reference wavelength of 500 nm) and applied it to AERONET data. SDA outputs are currently an operational product of AERONET and version 2.0 of the SDA product is used here. This separation of AOD modes is relevant for air quality since a stronger relationship between PM 2.5 and fine mode AOD was found by Zhang and Li (2013) as compared to PM 2.5 and total AOD. While fine and coarse modes are defined optically rather than by a microphysical cut-off (O'Neill et al., 2003) , the two modes are essentially comprised of sub-micron and super-micron particle radii, respectively (O'Neill et al., 2001).
National Air Pollution Surveillance networks
The Canadian National Air Pollution Surveillance (NAPS) network consists of~200 sites that continuously monitor PM 2.5 in hourly intervals using tapered element oscillating microbalances (TEOMs). This technique relies on the fact that the oscillation frequency of the vibrating substrate which receives the PM is dependent on the mass of PM (e.g. Hsu et al., 2016) . PM 10 is also monitored but at a much smaller number of sites. The network has been in operation since 1970 and is maintained by Canadian federal, provincial and municipal governments (Demerjian, 2000) . These sites tend to be located in urban areas. Starting in 2010, there has been a gradual, technological shift to the SHARP (Synchronized Hybrid Ambient Real-time Particulate) monitoring system. SHARP monitors consist of a nephelometer calibrated using a beta attenuation monitor . There is a systematic bias between TEOM and SHARP data related to the evaporation of semi-volatile aerosol outer layers during the TEOM measurement process . The resulting bias is large in winter, and minor during the warm season when evaporation of the semi-volatile outer layer tends to occur in the atmosphere. Thus, the data is limited to the warm season for some of the comparisons and correlations with AOD discussed below.
Results and discussion
3.1. Seasonal and spatial variation of AOD and PM 2.5
In Fig. 1 , the spatial distribution of seasonally averaged fine mode AOD and PM 2.5 mass density is shown. The averaging periods for the winter, spring, summer, and autumn are December to February, March to May, June to August, and September to November, respectively. A seasonal cycle in AOD is apparent at midlatitude sites (i.e., as far north as Yellowknife), with the maximum generally in summer. In eastern Canada, the summertime increases in AOD reflect the hygroscopic nature of some aerosol types, and the higher water vapour content of the atmosphere (e.g., Polavarapu, 1978) . Note that relative humidity has a weak seasonal cycle. Also the change in wind direction plays an important role (e.g., Uboegbulam and Davies, 1983) . In eastern Canada, air flow from the south increases in summer relative to winter, transporting secondary organic aerosol and anthropogenic aerosol from the United States. Air from the north has generally passed over fewer and weaker sources of aerosols and their precursors. In western Canada, as discussed below, the strong seasonal cycle of forest fires and the large aerosol contribution by these fires (O'Neill et al., 2002) explains much of the observed AOD seasonality.
The AEROCAN site with the highest four-season average fine mode AOD is Toronto (0.11). The seasonal cycle in PM 2.5 is readily apparent only in the southeastern portion of Canada, namely in Ontario, Quebec, New Brunswick and Nova Scotia. The province with the highest four-season average and median PM 2.5 mass density is Quebec, where both are 8 mg/m 3 while nationally, the average and median are both 6 mg/m 3 . The summertime maximum at mid-latitude sites is consistent with an earlier study of the seasonality (Bokoye et al., 2001 ) over a smaller number of AEROCAN sites, using 500 nm monthly geometric mean AODs. At highlatitude sites, wintertime AEROCAN measurements are not possible because the sun does not rise above the horizon.
The seasonal cycle of total AOD is examined further in Fig. 2 . At high latitudes (>63 N), the peak in monthly median total AOD ( Fig. 2 ) and fine-mode AOD (see Fig. 1 ) occur in the springtime. This is due to the Arctic haze phenomenon (e.g. Nguyen et al., 2016) , which involves slow, local removal of atmospheric pollution transported from mid-latitude industrialized areas. The peak in particle number density associated with Arctic haze is in April and extends until mid-May (e.g., Mitchell, 1957; Nguyen et al., 2016) . High AODs relative to the summer months are observed at the most northerly AEROCAN sites in April and May. The sampling tends to be limited in March and April. Note that NAPS does not have any PM monitoring sites at latitudes >70 N.
The western Canadian sites show a summertime peak in AOD, with average AODs exceeding the monthly 75th percentile AOD in some summer months at Fort McMurray, Waskesiu, and Kelowna, three sites regularly affected by forest fires. For example, at Kelowna, where single scattering albedo has been retrieved from AERONET skylight observations (2004e2009), the ten largest AOD observations (AOD>0.9) all occur in August. At these ten observation times, the largest absorption AOD observations (AAOD>0.07) also occur and the median of the corresponding single scattering albedo values is 0.926, typical of biomass burning episodes (e.g. Kaskaoutis et al., 2011) , whereas in the remaining three quarters of the data, AAOD is always <0.03 and median single scattering albedo is significantly higher. Assuming that, at Waskesiu, 500 nm AOD in excess of 0.4 is due to fires, we examined the seasonal variation of the fraction of AOD observations above this cut-off. We find no wintertime 500 nm AOD exceedances of 0.4 in this~20 year record, while the exceedance fraction for spring, summer and fall are 1%, 8%, and 0.2%, reflecting the increased fire activity in late spring and summer. Fort McMurray has very similar AODs to Waskesiu in all months. While Fort McMurray is just south of surface mining activities in the oil sands region, it does not show a large signal from oil sands operations due in part to a prevailing westerly flow (see Sect. 3.4). Yellowknife, while having a shorter data record, exhibits a seasonal cycle similar to other western sites, with more influence from episodes of high AOD, probably from forest fires, than the high-latitude sites. Churchill has characteristics of both western and northern regions, with highly skewed AOD distributions in summer, presumably due to forest fires, but highest median AODs in the spring (not shown). Saturna Island, a Pacific maritime site, does not have a summer peak in AOD, and exhibits a relatively weak seasonal cycle (not shown).
The southeastern sites show a similar seasonal cycle as the western continental sites, however the summertime values are not as skewed, as evidenced by the monthly average AODs tending to be significantly lower than the 75th percentile. This is expected since forest fire smoke contributes relatively less at the southeast sites.
The AOD seasonal cycle at three mid-latitudes sites (Toronto, Fort McMurray, and Sherbrooke) is analyzed further based on Fig. 3 . All three sites are chosen because they exhibit the normal, summertime AOD peak. In Toronto, the AOD is dominated by the fine mode. The seasonal cycle of the coarse mode at the Toronto site is out of phase with its fine-mode counterpart with a sharp peak in spring. The seasonality of PM 2.5 in Toronto resembles that of fine mode AOD. At Fort McMurray, the total AOD seasonal cycle is sinusoidal, whereas PM 2.5 is noticeably enhanced only in June and July. The enhanced fine mode AOD at Fort McMurray, particularly in May, may be due to advected free tropospheric smoke. The tendency for the total and fine mode average AOD to approach or exceed the 75th percentile for May to July indicates the episodic nature of forest fire contribution to the local AOD. As smoke in May over Fort McMurray may be predominantly aloft, it would not be captured by PM 2.5 measurements at the ground. O'Neill et al. (2002) estimated that 80% of the optical depth variation in western Canada can be linked to forest fire sources. In contrast, the average fine mode and total AODs over Toronto are less anomalous. Similar to Toronto and also to Edmonton (Cheng et al., 1998) , coarse mode aerosol over Fort McMurray peaks in the spring. Its origin is rather uncertain; trans-Pacific transport of dust from distant deserts (McKendry et al., 2007) may play a role in the springtime coarsemode peak, even in Ontario (Cottle et al., 2013) as well as the use of salt and dirt to improve road safety (Cheng et al., 1998) . Finally, at CARTEL (Centre d'Applications et de Recherches en T el ed etection), located at the Universit e de Sherbrooke, there is a no wintertime peak in AOD while the surface-level monthly mean PM 2.5 mass densities in this city show a wintertime maximum in January and February that exceeds the summertime maximum. In contrast, the summertime maximum at CARTEL is observed for total and finemode AOD and PM 2.5 . The wintertime PM 2.5 maximum, also present in many towns and rural areas of many Canadian provinces and northern U. S. states (e.g. British Columbia, New York), is due primarily to local smoke from wood-burning (e.g. residential fireplaces) (Ding et al., 2009 ) that remains confined near the surface by a shallow boundary layer in winter (Choi et al., 2013) . Such conditions present a challenge for deriving PM 2.5 mass densities from satellite AOD measurements in combination with boundary layer height information from chemical transport models. Boundary layer height is not accurately simulated by chemical transport models due to factors such as lack of temporal resolution and overly strong vertical mixing (e.g. Koffi et al., 2016) .
Spatial correlations
The distance over which aerosol observables are spatially correlated can vary depending on whether the particles are coarse or fine and whether they are in the free troposphere or the boundary layer. Coarse particles are expected to fall out of the atmosphere on shorter spatial scales due to gravitational settling. In the free troposphere, the greater horizontal wind speeds relative to the boundary layer carry particles over greater horizontal distances. Thus, the altitude dependence of wind speed favours longer correlation lengths for AOD relative to surface-level PM 2.5 . In this section, correlation lengths are determined for fine and coarse mode AOD and ground-level PM 2.5 data using the equation:
where r is the nonlinear fit to the correlation coefficients obtained for each site pair separated by varying distance x, a is the fitted yintercept, and b is the correlation length determined by the nonlinear regression model. These correlation lengths are used to justify the spatial coincidence criterion in the temporal AOD-PM 2.5 correlations explored in Sect. 3.3 and are also used to understand aerosol pollution transport (Sect. 3.4).
As expected, a spatial correlation analysis indicates that the correlation length (b) for total AOD is larger,~900 km (not shown), while the PM 2.5 correlation length is significantly less,~670 km (Fig. 4) . The PM 2.5 correlation length (Fig. 4b) is not significantly different when SHARP data are excluded (see Sect. 3.2). The finemode AOD correlation length (Fig. 4a) is roughly the same as for the total AOD, reflecting the optical dominance of this mode over most of the country. The correlation length for coarse-mode AOD is 600 km, and could reflect reduced long-range transport of coarsegrained particles either because they are mostly confined to the boundary layer or they quickly fall out of the free troposphere (or both). The y-intercept parameter a (Fig. 4) is directly related to the precision of the data (Liu et al., 2009 ) and approaches the theoretical upper limit of 1 for total AOD (a ¼ 0.82 ± 0.09), fine-mode AOD (a ¼ 0.79 ± 0.09) and for PM 2.5 (a ¼ 0.93 ± 0.00), but does not for coarse-mode AOD (a ¼ 0.54 ± 0.11).
The AOD correlation between three pairs of proximal sites is also studied to illustrate the difference in correlation coefficients between fine and coarse modes. The monthly correlation coefficient is higher for fine mode AOD than coarse mode AOD for these three pairs of sites, namely Toronto -Egbert, Halifax e Sable Island, and PEARL -0PAL. The last pair is located near Eureka, Nunavut. The distance between these AEROCAN site pairs is 53, 296, and 12 km, respectively. The monthly correlation coefficient is computed using monthly means obtained from daily-averaged data only if there are at least 3 points per day and at least 5 populated days per month at each site. The fine mode AOD correlation coefficient is similar to the total AOD correlation coefficient and >0.8 for all three neighbouring pairs, whereas the coarse mode correlation coefficient is 0.61.
Temporal correlations
There are 14 sites where an AEROCAN sunphotometer has spatiotemporal coincidences with a NAPS PM 2.5 monitor, assuming a spatial coincidence criterion of 100 km for the nearest NAPS site. Tables 2 and 3 show the temporal correlation between mean PM 2.5 and AOD at these 14 sites on hourly and daily timescales, and AOD data to 9 a.m. to 3 p.m. local time to reduce intersensor differences in diurnal sampling, we find essentially no difference in the seasonal cycles of these parameters (not shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
respectively. As expected, higher correlation with PM 2.5 is found at all sites for the fine mode relative to the coarse mode. At most sites, for fine mode and total AOD, higher correlation is found using a daily timescale rather than an hourly one. The correlations are not sensitive to whether the PM 2.5 data originates from TEOM or SHARP sensors. For total and fine mode AOD, the highest daily correlations with PM 2.5 are~0.8, whereas the hourly correlations maximize at~0
.7. For coarse-mode AOD, its correlation with PM 2.5 is never exceeds 0.23 and the daily correlation is not stronger than the hourly one. Toronto and Egbert exhibit among the strongest correlations of PM 2.5 with fine, coarse, and total AOD for both timescales, but the correlation with PM 2.5 mass density is much weaker for the coarse mode AOD. The moderate total and fine-mode AOD correlation with PM 2.5 is not driven by the strong annual cycle in both PM 2.5 Fig. 4 . Spatial correlation as a function of the distance between measurement sites calculated using only MayeAugust data for fine-mode and coarse-mode AOD (panel a), and PM 2.5 (panel b). AEROCAN AOD and NAPS PM 2.5 spatial correlations are calculated using daily means if there at least 60 or 365 common days between any two sites for AOD and PM 2.5 mass density, respectively. The y-intercept (a), the correlation length (b), and their respective uncertainties, as well as the R 2 of the exponential fit are provided in the top right corner. Note that the R 2 for the coarse-mode exponential fit rises to 0.46 when the fit is limited to distances less than~2 correlation lengths (i.e.~1 200 km). and fine-mode AOD and in southern Ontario and southern Quebec (Figs. 1 and 3 ), since temporal correlation on a daily timescale actually strengthens slightly when limited to the warm season (MayeAugust), relative to all seasons (not shown). The correlation appears to be stronger in more polluted environments; the weak correlation between PM 2.5 and fine-mode AOD at Saturna Island reflects the very low abundance of fine particles at this Pacific coast site (see Fig. 1 ). The low hourly correlation between PM 2.5 and total AOD at Fort McMurray (Table 2 ) rises above 0.6 if two extreme PM 2.5 measurements on the same day (29 June 2015) are excluded.
Variations in AOD and PM 2.5 with wind direction
In order to demonstrate the influence of local emissions of aerosol precursors (and aerosols), individual observations of PM 2.5 mass density and AOD are averaged as a function of wind direction. The dependence of AOD on wind direction has been examined previously using ground-based spectroradiometers. For example, Nyeki et al. (2015) found slightly higher AODs in air of oceanic provenance at a coastal South African site. Here, the wind direction at 950 hPa is obtained from the ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-Interim reanalysis, which is computed at T255 spectral resolution (~79 km) and 6 h time steps (Dee et al., 2011) . This reanalysis is interpolated to the time and location of each aerosol observation. At Toronto and Halifax, increased AOD and PM 2.5 mass density are found when the wind is from the south or southeast, respectively (Fig. 5 ). Toronto and Egbert (not shown) are very similar in all aspects of Fig. 5 . At both sites, the AOD doubles when the wind is from the southeast (relative to north). For Halifax, which is farther downwind (i.e. to the northeast) of major American industrial centres, the ratio is slightly smaller between the directions of maximal and minimal AOD. Fig. 5 is consistent with the occurrence of poorer air quality when the air masses have come from the northeastern United States (US). The fact that Halifax AODs and PM 2.5 mass densities maximize to the east-southeast and not the south (as is the case for Toronto and Egbert) seems to indicate that the aerosol variation is not simply a consequence of a latitudinal gradient, but rather that there is strong particulate matter contribution coming from nonmarine sources south of the Canada-US border. It is noteworthy that the prevailing wind direction for Halifax tends to be more aerosol-laden, in terms of the PM 2.5 at the surface and in the total column.
At Fort McMurray, observed mean AODs are double when the wind is out of the north, relative to when winds are from the westsouthwest (Fig. 5) . Median AODs are also higher from the north (Fig. 5) , indicating a chronic source, as opposed to episodic forest fires to the north of Fort McMurray. Some contribution from the oil sands region is inferred. Millennium Mine is the closest mining region to Fort McMurray and has the highest long-term average PM 2.5 mass densities for NAPS sites within the Alberta oil sands (not shown). However, PM 2.5 at Fort McMurray, 10 km to the south of Millennium Mine, shows a slightly weaker dependence on wind direction than AOD and the mass densities are very small compared to Toronto, Egbert, and Halifax, whereas in the AOD peak direction, namely north for Fort McMurray, mean AODs are greater than the mean AODs in the respective peak directions for Egbert and Halifax. These findings are consistent with lofted aerosol plumes arriving at Fort McMurray from Millennium mine and other nearby mining areas within the Alberta oil sands region.
The PEARL high-latitude site, far removed from strong local sources, shows no significant directionality in the observed AODs (Fig. 5) and that AODs are smaller than mid-latitude sites such as Toronto and Egbert. Similar to Toronto and Halifax, CARTEL and Kejimkujik show higher aerosol levels when the wind is from the southeast using both aerosol observables. AOD and PM 2.5 at most other sites do not depend strongly on wind direction. The frequency of wind directions and the dependence of AOD on wind direction are essentially unchanged at Fort McMurray, Toronto, and Halifax if the data is limited to the overlap period between NAPS PM 2.5 and AEROCAN AOD at these sites.
Weekday-weekend effect
The weekday-weekend effect is a temporal feature related to local anthropogenic emissions. Xia et al. (2008) showed that half of the eight selected AEROCAN sites, including two sites (Egbert and Saturna Island) within 60 km of Canadian metropolises, exhibit a weak weekly cycle in terms of 440 nm AOD. The eight sites studied by Xia et al. (2008) also included Halifax, Thompson, Waskesiu, Bratt's Lake, and two pine forest sites. Interestingly, both Egbert and Saturna Island were found to have maximum AODs on the weekend (significantly higher than the weekly average at the 90% confidence level). Here, the weekly cycle of total, fine and coarse mode AOD at Toronto, the major city close to Egbert, is studied. Enhancements in total AOD and its two size components are found to occur on weekdays (Monday-Friday) relative to weekends (Saturday-Sunday) (Fig. 6 ). These enhancements are statistically significant at the 99% confidence level as is the weekday enhancement of PM 2.5 (Fig. 6) for both mean and median AOD and PM 2.5 values, even though the differences in AOD and PM 2.5 are small. None of the other thirteen AEROCAN sites with nearby NAPS PM 2.5 measurements have such a statistically significant weekday enhancement in AOD and PM 2.5 . These results indicate the larger anthropogenic contribution to particulate matter for Toronto, relative to less populated sites. Consistent with these results, Sherman et al. (2015) found a lack of a weekly cycle at Egbert in the 550 nm scattering coefficient using a ground-based nephelometer.
A lower limit on the anthropogenic contribution to the AOD for Toronto can be quantified by taking the difference between the median weekday AOD and the minimum weekend AOD. For the total, fine and coarse mode, the lower limits on the anthropogenic AOD contribution are 0.02, 0.02, and 0.004, respectively.
Diurnal variation of AOD
AERONET also provides a glimpse of what to expect from Geostationary Operational Environmental Satellite-R (GOES-R, Schmit et al., 2005) in terms of diurnal variation of aerosol optical depth. GOES-R was launched in November 2016 and will provide a breakthrough in temporal coverage of aerosols over North America. AERONET will be critical for the validation of GOES-R, particularly Neill et al. (2004) showed that a temporary AEROCAN site at Lochiel (British Columbia) can capture the diurnal variation in AOD resulting from boundary layer aerosol pollution during a stagnant 4-day summertime period. Located in the lower Fraser Valley (~40 km inland from Vancouver), Lochiel received polluted air from Vancouver flushed by the sea breeze through the day and then this polluted air was sent back out to the mouth of the lower Fraser Valley and the Strait of Georgia by the land breeze at night, leading to a morning maximum in AOD.
The hourly variation of 500 nm mean AOD and PM 2.5 is studied for Toronto and Fort McMurray using data near the summer solstice (MayeJuly). A sharp increase in the morning is observed in AOD between 5 and 7 a.m. (local standard time, LST) at both sites (Fig. 7) . The Toronto AODs do not vary after this early morning rise, whereas a mid-afternoon peak is discernible at Fort McMurray. The diurnal variation of PM 2.5 mass densities contains a strong contribution from the boundary layer height. This leads to bigger differences between 5 and 7 a.m. relative to AOD as particulate matter is being emitted during the 'morning rush' into a boundary layer that remains shallow at 7 a.m. (LST). The PM 2.5 mass density also remains stable through the afternoon in Toronto, consistent with the AOD, while at Fort McMurray, PM 2.5 rises between late morning and early afternoon and continues to rise after sunset as the boundary layer slowly collapses. The Fort McMurray afternoon increase is probably due to local windblown dust (e.g. Addison and Puckett, 1980) from the oil sands region to the north (see Sect. 3.4) . Lofted dust plumes could also explain why the AODs are higher at Fort McMurray relative to Toronto in spite of similar surface-level PM 2.5 mass densities at these locations.
Episodic phenomena
Since the fine mode is more relevant for air quality, particularly for respiratory health problems, we review examples from the literature of episodes with enhanced fine mode free tropospheric aerosols that are captured by AEROCAN that could only be detected later by downwind PM 2.5 monitors when the plume had already descended to the surface and adversely affected local air quality. Miller et al. (2011) inferred large amounts of fine-mode carbonaceous aerosols in a forest fire plume based on AEROCAN measurements at Pickle Lake of low single scattering albedo and large AODs, particularly at short wavelengths. Similarly, McKendry et al. (2010) used the Saturna Island site to study the single scattering albedo and aerosol optical depth during a forest fire event that advected smoke in the nearby metro Vancouver area, worsening the local air quality. The Saturna Island site has detected smoke coming from fires as far south as California (McKendry et al., 2011) . Smoke plumes from forest fires and intentional agricultural fires have been detected by AEROCAN as far north as 80.05 N at PEARL (Polar Environment Atmospheric Research Laboratory) (Viatte et al., 2013; Saha et al., 2010; O'Neill et al., 2008) . Egbert and Halifax sites captured huge AOD increases from smoke originating Fig. 8 indicates that large amounts of fine-mode aerosols are not uncommon in the high Arctic, but the most recent fine-mode event on 10 July 2015 is the largest on record and will be investigated in detail as inversions using AEROCAN sky radiometry become available. This smoke plume also reached the European Arctic (Moroni et al., 2017; Markowicz et al., 2016) . The satellite-borne Ozone Monitoring Instrument (Levelt et al., 2006 ) observed a 380 nm absorbing AOD of 0.19 in the vicinity of PEARL on this date.
Satellite instruments can also detect the enhanced AOD from smoke plumes but are less reliable in terms of the additional operational aerosol information (e.g. single scattering albedo) that AEROCAN provides, partly because of the sensitivity to sub-pixel cloud in satellite nadir geometry. For retrievals of single scattering albedo from the satellite UV backscatter observations, there is also a dependence on assumed plume height (e.g. Torres et al., 2002) . AOD retrieval algorithms for satellite instruments such as MODIS and AATSR also struggle over regions where the surface transitions between being vegetated and barren .
Trend
One advantage of AEROCAN for long-term trend studies is that the instrument make and model have not changed since the network began two decades ago. This is in contrast to NAPS PM 2.5 data, for which discontinuities exist due to changes of sensor type . Lee and Chung (2013) determined a decreasing trend of~3%/year using AERONET 500 nm total and fine-mode AOD (2001e2010) over western Europe and US/Canada combined. AOD trend maps from MISR (Multi-angle Imaging SpectroRadiometer) (Keppel-Aleks and Washenfelder, 2016) confirm the sign of the trend and show that the trend essentially extends over the eastern US. Similar trend calculations are performed here using the annual average and median AEROCAN AOD at 340 nm and the nearest available wavelength to 500 nm at three sites in eastern Canada within 300 km from the US border with records longer than 10 years, namely Egbert, CARTEL, and Halifax. Fine-mode AOD trends are also determined. Using their respective full data records and eliminating years with insufficient sampling or non-uniform monthly sampling, the trend at each of these sites is determined using ordinary least-squares simple linear regression of time to AOD and its statistical significance is tested at the 2 standard error (s. e.) level. Of these three sites, the most negative relative trend is found at Egbert, and the long-term decrease appears to be driven by summer months (JuneeSeptember). Using an annual time step and limiting to these months of the warm season, the fine-mode arithmetic mean AOD relative trend at Egbert is: (À2.9 ± 1.2)%/ year (±1 s. e.). Previously, de Meij et al. (2012) studied the 2000e2009 time frame and found decreasing trends in AERONET total AOD (interpolated to 550 nm) to be statistically significant (2 s. e.) at Egbert, and trends at CARTEL and Bratt's Lake that were inconsistent between MISR and AERONET. We note however that the trend at Egbert (1999e2013) is not significant upon simply switching to median AODs rather than arithmetic mean AODs, implying that longer records are needed to clearly detect a significant decreasing trend in southeastern Canada. Eliminating the last usable year of the record (i.e., 2013), which was anomalously low, the trend in arithmetic mean AODs at Egbert also becomes insignificant. The sign of the trend at Egbert is expected based on strong and steady decreases emissions and atmospheric concentrations of sulfur dioxide, an aerosol precursor, in the northeast US since 2005 (Kharol et al., 2017) . 
Summary
AEROCAN data provide an accurate measure of the aerosol optical depth at~20 sites spanning a period of up to 20 years. The sites are located in diverse Canadian environments including the high Arctic (not monitored by the in-situ PM 2.5 monitoring network), coastal areas, the boreal forest, and urban centres. The wide range of wavelengths (i.e. 340 nm to as long as 1 640 nm) observed by the AEROCAN sunphotometers enables the separation of fine and coarse mode AOD components.
The AOD annual cycle at high latitudes with maximum 500 nm AOD of~0.14 occurring in spring is strikingly different from the annual cycle at mid-latitude stations such as Toronto, where the maximum monthly mean 500 nm AOD of~0.25 occurs in summer. The seasonal cycle at mid-latitude sites is generally driven by the fine mode. Except for Sable Island, a maritime site with a very short record (Table 1) , coarse-mode monthly median AOD at the other 20 AEROCAN sites maximizes in either April or May with values of <0.05 throughout the country (not shown). The sources likely vary, from sea salt spray in coastal sites, such as Resolute Bay and 0PAL to springtime pollen in forested sites (Manninen et al., 2014) such as Thompson, road salt and sand in urban sites, and mineral dust from tilling at the start of the cropping season (e.g. Chow et al., 2000) , at sites such as Bratt's Lake. The coarse mode AODs tend to be less skewed (not shown), indicating that episodes of high AOD tend to be predominantly fine-mode.
A significant weekly cycle for total, fine, and coarse-mode AOD components is observed at the Toronto site, in phase with Toronto's weekly cycle in PM 2.5 mass density indicating pollution that is locally generated or transported over a short range. Spatial correlation analysis indicates that AOD generally decorrelates after 900 km, indicating long-range transport of its dominant finemode component. AEROCAN measurements at several Canadian cities situated at a distance shorter than this correlation length from industrial areas in the northeastern US indicate significant AOD enhancements in air masses arriving from the south. Temporal correlation of hourly mean AOD and PM 2.5 mass density indicates that, in Canada's more polluted regions, AOD measurements are strongly correlated with surface-level PM 2.5 , while at remote sites, AEROCAN data can serve as an early warning system by detecting polluted air aloft, often consisting of forest fire smoke.
